Fatty acids are stored within adipocytes in lipid droplets (LDs) as triacylglycerol (TG), which is converted to free fatty acid (FFA) and glycerol via lipolysis. Increased plasma FFA levels in obesity are associated with several clinical conditions. We previously found that Neu1 activity is aberrant in the epididymal fat and liver of obese and diabetic mice. Here, we examined involvement of Neu1 in lipolysis in 3T3-L1 adipocytes. Small interfering RNA against Neu1 was introduced into adipocytes, and glycerol concentrations were measured in the culture medium. We then assessed the effects of Neu1 knockdown on lipolytic protein expression and phosphorylation, as well as interactions between perilipin 1 (Plin1) and hormone-sensitive lipase (HSL) after isoproterenol (IS) stimulation. Interactions between Neu1 and Plin1 were analyzed by immunoprecipitation and immunofluorescent imaging using adipocytes transfected with pCMV6-mNeu1-myc-DYKDDDDK (mNeu1DDK). Neu1 knockdown increased glycerol concentrations in culture media and Plin1 phosphorylation in whole lysates of IS-stimulated cells. Neu1 knockdown increased interaction between Plin1 and HSL after IS stimulation whereas that between Neu1 and Plin1 on LD observed under basal conditions was lost. These results suggest that Neu1 inhibits lipolysis induced by b-adrenergic stimulation in adipocytes via interactions with Plin1 on LD.
Introduction
Obesity is a risk factor for several clinical conditions, and various strategies to treat or prevent obesity have been studied (Hofbauer 2002; van Dam & Seidell 2007; Xu et al. 2014) . Increased plasma free fatty acid (FFA) levels in obesity are associated with the development of chronic diseases such as type 2 diabetes (Arner 2002) . White adipose tissue (WAT) is a major energy storage organ that provides FFA as fuel for other organs during fasting. Triacylglycerol (TG) is stored in lipid droplets (LD) in WAT and converted to FFA and glycerol during lipolysis (Dodt et al. 2003) .
Lipolysis in adipocytes comprises a multistep process involving different enzymes. Hydrolyzation of TG proceeds to form diacylglycerol (DG) with adipose triglyceride lipase (ATGL), then monoacylglycerol (MG) with hormone-sensitive lipase (HSL) and finally FFA and glycerol with monoacylglycerol lipase (Ahmadian et al. 2010) . Perilipin 1 (Plin1) plays a key role in lipolysis in adipocytes. Under basal conditions, Plin1 interacts with comparative gene identification-58 (CGI58) on the LD surface and inhibits ATGL as well as HSL activity (Ahmadian et al., 2010) . Upon b-adrenergic stimulation, Plin1 is phosphorylated by PKA and phosphorylated Plin1 (pPlin1) dissociates from CGI58 (Subramanian et al. 2004; Granneman et al. 2007 ). pPlin1 interacts with phosphorylated HSL (pHSL), and CGI58 interacts with ATGL on LD. These interactions, respectively, activate HSL and ATGL (Ahmadian et al., 2010) .
Sialidases (Neu1-4) cleave terminal sialic acids from glycoconjugates (Pshezhetsky & Ashmarina 2013) , which causes a conformational change that regulates the activity of functional molecules (Pshezhetsky & Ashmarina 2013) . Neu1 is widely expressed in lysosomes and in the plasma membrane of mammalian tissues (Pshezhetsky & Ashmarina 2013) . The catabolic role of Neu1 in lysosomes is established, and Neu1 in the plasma membrane plays a role in cell proliferation, differentiation, elastogenesis and inflammation (Pshezhetsky & Ashmarina 2013) . The activity of Neu1 is increased during adipogenesis in 3T3-L1 preadipocytes, and Neu1 activity is aberrant in the epididymal fat and livers of obese and diabetic mice (Natori et al. 2013) . Indeed, Neu1 activity is aberrant in several disorders, such as lysosomal storage disorder and autoimmune diseases, and the malignancy and metastasis of cancer cells (Pshezhetsky & Ashmarina 2013; Bonten et al. 2014 ).
The present study shows that Neu1 knockdown of 3T3-L1 adipocytes increases IS-induced glycerol release in culture medium, as well as increasing the protein expression and phosphorylation of Plin1. Plin1 and mNeu1DDK interacted on the surface of lipid droplets in adipocytes transfected with pCMV6-mNeu1-myc-DYKDDDDK (mNeu1DDK), and the interaction was lost upon IS stimulation. Furthermore, Neu1 knockdown increased Plin1 and HSL interaction induced by IS. These findings suggest that Neu1 inhibits lipolysis in adipocytes via suppressing Plin1 protein expression and phosphorylation.
Results

Effect of isoproterenol (IS) stimulation on sialidase mRNA and protein expression
We used the quantitative reverse transcription polymerase chain reaction and Western blotting to determine whether lipolytic stimulation affects the expression of Neu1 and Neu3 mRNA and proteins in 3T3-L1 adipocytes after IS stimulation. The expression of Neu1 mRNA tended to time-dependently increase after IS stimulation (Fig. 1A) . Genes to Cells (2017) 22, 485-492 changes in Neu3 mRNA and protein expression were undetectable (Fig. 1B ,C,E).
Knockdown of Neu1 increases lipolysis, Plin1 expression and phosphorylation
The effect of Neu1 knockdown on glycerol release was assessed in 3T3-L1 adipocytes. Small interfering Neu1 decreased Neu1 protein expression in adipocytes, and the glycerol concentration in the culture medium of adipocytes transfected with siNeu1 increased 2.7-fold and 2.1-fold after IS stimulation for 10 and 60 min, respectively ( Fig. 2A) . The effect of Neu1 knockdown on the expression and phosphorylation of PKA, HSL and Plin1 in 3T3-L1 adipocytes after stimulation with 500 nM IS was analyzed. Introducing siNeu1 into adipocytes decreased the expression of Neu1 protein and did not affect the expression and/or phosphorylation of PKA and HSL ( Fig. 2B-F,I ). In contrast, Neu1 knockdown increased Plin1 protein expression and phosphorylation after IS stimulation for 10 min. However, these protein expression and phosphorylation did not fluctuate after IS stimulation for 30 and 60 min (Fig. 2B ,G,H). These results suggest that Neu1 inhibits lipolysis by suppressing IS-stimulated Plin1 expression and phosphorylation in 3T3-L1 adipocytes.
Neu1 interacts and co-localizes with Plin1 on LD in 3T3-L1 adipocytes under basal conditions
Neu1 knockdown did not affect the phosphorylation of HSL by PKA (Fig. 2B ,C,E), suggesting that Neu1 controls lipolysis through mechanisms other than the modulation of PKA activity. To determine whether Neu1 interacts with Plin1, we co-immunoprecipitated Plin1 with Neu1 using pCMV6-mNeu1-myc-DYKDDDDK (mNeu1DDK)-transfected 3T3-L1 adipocytes with or without IS stimulation. Figure 3A shows increased phosphorylation of HSL and Plin1 and interaction between pHSL and pPlin1 upon IS stimulation (IS). Interaction between Plin1 and Neu1 in the absence of IS stimulation (dimethyl sulfoxide; DMSO vehicle) was reduced after IS stimulation (IS) for 10 min (Fig. 3A) . We also assessed Neu1 and Plin1 interaction in the presence or absence of IS stimulation in mNeu1DDK-transfected adipocytes using immunoprecipitation with anti-DDK. Figure 3B shows that Neu1 did not interact with pHSL, HSL and pPlin1 regardless of IS stimulation, but Neu1 interaction with Plin1 in the absence of IS stimulation (DMSO) was also lost upon IS stimulation.
We analyzed the co-localization of Neu1 and Plin1 on LD in mNeu1DDK-transfected 3T3-L1 adipocytes using immunofluorescent imaging, as Plin1 coats LD. Figure 3C shows that Neu1 and Plin1 colocalized on the surface of LD without IS (DMSO) and this co-localization was decreased after IS stimulation (IS). These results suggest that Neu1 interacts with Plin1 on LD under basal conditions and that badrenergic stimulation causes the loss of Neu1 and Plin1 interaction in 3T3-L1 adipocytes.
Knockdown of Neu1 increases IS-induced Plin1 and HSL interactions
The phosphorylation of Plin1 and HSL by activated PKA regulates their interactions and up-regulates lipolysis in adipocytes. Neu1 interacted with Plin1 on LD under basal conditions, and such interaction was lost in the presence of IS. If Neu1 is involved in the lipolytic function of Plin1, Neu1 knockdown might affect interaction between Plin1 and HSL after IS stimulation. Transfection with siNeu1 decreased Neu1 protein expression compared with that of the negative control (NC) (Fig. 3D ). Co-immunoprecipitation showed that Neu1 knockdown increased interaction between Plin1 and HSL after IS stimulation for 10 min (Fig. 3E) . These results suggest that Neu1 inhibits b-adrenergic stimulation-induced interaction between Plin1 and HSL in 3T3-L1 adipocytes.
Discussion
We analyzed the effect of Neu1 knockdown on ISinduced lipolysis in 3T3-L1 adipocytes. Knockdown of Neu1 increased glycerol release into culture medium. However, Neu1 knockdown did not alter the protein expression and phosphorylation of both PKA and HSL. Co-immunoprecipitation and immunofluorescent imaging findings showed that Neu1 interacted with Plin1 on LD under basal conditions, although this interaction was lost upon IS stimulation. In addition, Neu1 knockdown increased the interaction between Plin1 and HSL induced by IS stimulation. These findings suggest that Neu1 interacts with Plin1 on LD and reduces IS-induced Plin1 expression and phosphorylation, and this interaction inhibits lipolysis in adipocytes. Plin1 is a critical regulator of lipolysis in adipocytes, and its activity is regulated by phosphorylation Zhang et al. 2003) . Phosphorylation causes a conformational change in pPlin1, its dissociation from CGI58 and interaction with HSL. This promotes HSL to access LD and hydrolyze neutral lipid (Brasaemle 2007) .
Conformational changes caused by phosphorylation might also be involved in the dissociation of Neu1 and Plin1 after b-adrenergic stimulation. Genes to Cells (2017) 22, 485-492 Phosphorylation of Plin1 is regulated by complex formation with caveolin 1 (Cav1) and optic atrophy 1 (OPA1). Pidoux et al. 2011; Storey et al. 2011) . b-Adrenergic stimulation induces the formation of complexes comprising Plin1, Cav1 and the PKA catalytic subunit in wild-type white Figure 3 Effects of isoproterenol (IS) stimulation on Neu1 and Plin1 interactions and of Neu1 knockdown on interactions between Plin1 and HSL induced by IS in 3T3-L1 adipocytes. Adipocytes transfected with mNeu1DDK were incubated with (IS) or without (DMSO) IS for 10 min and then lysed. (A) Whole-cell lysates incubated with rabbit anti-Plin1 antibody or normal rabbit IgG overnight at 4°C followed by protein G Sepharose beads for 2 h at 4°C. Proteins were eluted, and then, pHSL, HSL, pPlin1, Plin1, and Neu1DDK were analyzed by Western blotting. (B) Whole-cell lysates incubated with mouse anti-DDK antibody or normal mouse IgG overnight at 4°C. Proteins were eluted, and then, pHSL, HSL, pPlin1, Plin1 and Neu1DDK were analyzed by Western blotting. (C) Adipocytes transfected with mNeu1DDK incubated with (IS) or without (DMSO) IS for 10 min. Cells were fixed and stained with mouse anti-DDK antibody and rabbit anti-Plin1 antibody overnight at 4°C, followed by incubation with AlexaFluor 488 goat anti-rabbit IgG and AlexaFluor 594 goat anti-mouse IgG for 1 h at room temperature in the dark. Images were obtained using a confocal laser scanning microscope. Adipocytes transfected with siNeu1 or negative control (NC) were stimulated with (IS) or without (DMSO) IS for 10 min. Cell pellets were collected and lysed. (D) Western blots of Neu1 and b-actin protein expression in whole-cell lysates. (E) Whole-cell lysates incubated with rabbit anti-Plin1 antibody or normal rabbit IgG overnight at 4°C, then with protein G Sepharose beads for 2 h at 4°C. Proteins were eluted and HSL and Plin1 were analyzed by Western blotting. Results are representative of three experiments. Scale bar: 10 lm. IgG, normal IgG; IP, immunoprecipitation; Plin1, anti-Plin1 antibody; Whole, whole-cell lysate.
adipose tissue (WAT) . However, these complexes do not form in the Cav1 null mouse and Plin1 phosphorylation by PKA and lipolytic activity is attenuated in WAT from this mouse . OPA1, the A-kinase anchoring protein (AKAP), interacts with Plin1 on LD and tethers PKA subunits (Greenberg et al. 2011; Pidoux et al. 2011) . Introducing mutated OPA1, which is the unbound form of PKA subunits, into adipocytes inhibits Plin1 phosphorylation without altering HSL phosphorylation upon b-adrenergic stimulation (Greenberg et al. 2011; Pidoux et al. 2011) . In the present study, we showed that Neu1 knockdown increased Plin1 phosphorylation without altering HSL phosphorylation after IS stimulation. Taken together, our findings suggest that Neu1 is involved in interactions among Plin1, Cav1 and OPA1 and that it inhibits Plin1 phosphorylation in adipocytes.
However, LDs play an important role in Plin1 protein stabilization (Xu et al. 2006; Kovsan et al. 2007) . Plin1 is always bound on LD and degraded via the lysosomal and ubiquitin-proteasome pathways in the absence of LD (Xu et al. 2006; Kovsan et al. 2007 ). Neu1 might participate in Plin1 stabilization through modulating Plin1 and LD interaction.
We previously found increased Neu1 activity during adipogenesis in 3T3-L1 adipocytes and in the epididymal fat of obese and diabetic mice (Natori et al. 2013) . According to the present study, high Neu1 activity might reduce Plin1 protein expression, stabilization and/or phosphorylation in the epididymal fat of obese and diabetic mice. Indeed, Plin1 expression is reduced and basal lipolysis is chronically elevated in adipocytes from high fat diet mice (Gaidhu et al. 2010) . In the contrary, reduced Plin1 expression suppresses lipolysis activation with b-adrenergic stimulation in the adipocytes (Gaidhu et al. 2010) . These phenomena are explained that reduced Plin1 expression increases HSL access to LD and hydrolyzation of DG under basal condition; however, reduced Plin1 expression causes suppression of enhancement of HSL activity with b-adrenergic stimulation (Sztalryd et al. 2003) . Taken together with these findings, aberrant Neu1 activity associated with obesity might contribute to increased plasma FFA levels under basal conditions by increasing HSL access to LD, and suppressing lipid use with b-adrenergic stimulation by suppressing Plin1 stabilization and phosphorylation.
Experimental procedures
Cell culture and differentiation
Murine 3T3-L1 preadipocytes (DS Pharma Biomedical Co. Ltd., Osaka, Japan) were cultured and differentiated for eight days postinduction as described (Natori et al. 2013) . Briefly, 3T3-L1 preadipocytes were cultured with high-glucose Dulbecco's modified Eagle's medium (DMEM) containing 10% calf serum (Biowest, Nuaill e, France) and a solution of 1% penicillin and 1% streptomycin (PS) (Wako Pure Chemical Industries Co. Ltd., Osaka, Japan) for two days after reaching confluence. The medium was changed to DMEM containing 10% fetal bovine serum (FBS), 1% PS, 5 lg/mL insulin (Wako), 500 lM isobutylmethylxanthine (Sigma, St. Louis, MO, USA) and 1 lM dexamethasone (Wako) (day 0). On day 2, the medium was replaced with DMEM containing 10% FBS, PS and 5 lg/mL insulin. Four days after differentiation, the medium was replaced with 10% FBS DMEM containing PS and changed every two days until day 8 after differentiation.
Density-based separation followed by re-seeding enriched adipocytes in monolayers bovine serum albumin (BSA) (Wako) for 24 h. The adipocytes were stimulated with DMEM containing 1% FAF BSA and 500 nM isoproterenol (Cayman Chemical, Ann Arbor, MI, USA) or with DMSO (vehicle) for the indicated amounts of time.
Quantitative reverse transcription polymerase chain reaction
Total RNA was isolated with Isogen 2 (Nippon Gene Co. Ltd., Toyama, Japan), and reverse transcription proceeded using PrimeScript RT reagent kits (TaKaRa Bio Inc., Otsu, Japan). Real-time polymerase chain reaction (RT-PCR) proceeded using SYBR Select Master Mix and a 7500 Fast Real-time PCR system (Life Technologies) with the following primer sequences: Neu1, 5 0 -CTGATCTCCAGTTCGTGAA ATCCTC-3 0 (forward) and 5 0 -GGGCTAGCCTGGGCTAC AGTATAAG-3 0 (reverse); Neu3, 5 0 -CTCAGTCAGAGATG AGGATGCT-3 0 (forward) and 5 0 -GTGAGACATAGTAGG CATAGGC-3 0 (reverse); 36B4, 5 0 -GGCCCTGCACTCTCG TTTC-3 0 (forward) and 5 0 -TGCCAGGACGCGCTTGT-3 0 (reverse). The mNeu1 primer pairs were designed and synthesized by TaKaRa Bio Inc., and the mNeu3 primer pairs were designed based on a published study (Shiozaki et al. 2009 ). The 36B4 primer pairs were designed using primer express (Life Technologies). Gene expression was normalized to 36B4 and quantified using the DDCt method.
Glycerol assays
After incubation with IS for 10 or 60 min, adipocytes were incubated with DMEM containing 1% fatty acid-free BSA for 4 h, and then, the glycerol content of the culture medium was assayed using adipolysis assay kits (Cayman) according to the manufacturer's instructions. Cell pellets were lysed with TNE lysis buffer (50 mM Tris, 150 mM NaCl, 1 mM EDTA, 1% nonidet P-40 pH 7.6 containing 1% protease inhibitor cocktail (Sigma), 1% phosphatase inhibitor cocktail (Pierce) and 1 mM dithiothreitol (Invitrogen, Grand Island, NY, USA)) and separated by centrifugation at 12 000 g for 20 min at 4°C. Protein concentrations in supernatants were measured using BCA protein assay kits (Pierce, Rockford, IL, USA). Glycerol values were normalized to the total protein concentration in lysates.
Co-immunoprecipitation
Adipocytes transfected with mNeu1DDK were stimulated with IS for the indicated amounts of time. 
Western blotting
Whole-cell lysates and immunoprecipitation samples were separated using denaturing SDS polyacrylamide gel electrophoresis and then transferred to ClearTrans SP PVDF membranes (Wako). Nonspecific binding on membranes was blocked for 1 h at room temperature with TBST buffer (25 mM Tris, 150 mM NaCl, and 0.1% Tween-20, pH 7.6) containing 5% skim milk to detect b-actin, HSL, Plin1, PKA, and mNeu1DDK, and with 5% BSA TBST buffer to detect pHSL, pPKA substrate (pPlin1) and pPKA. The membranes were incubated overnight at 4°C in either 5% BSA TBST with rabbit anti-b-actin, HSL, pHSL, Plin1, pPlin1, PKA, pPKA, DDK antibody (Cell Signaling Technologies), or in Immuno Shot 1 (Cosmo Bio Co., Ltd, Tokyo, Japan) with mouse antiNeu1 antibody and rabbit anti-Neu3 antibody (Santa Cruz Biotechnologies) as the primary antibodies. Membranes that were not used for immunoprecipitation were washed with TBST and incubated with HRP-linked anti-rabbit IgG antibody (Cell Signaling Technologies) in TBST containing 5% BSA. Plin1 and mNeu1DDK were immunoprecipitated using an HRP-conjugated mouse anti-rabbit IgG conformation-specific monoclonal antibody (Cell Signaling Technologies) and Mouse TrueBlot Ultra anti-Mouse IgG HRP (Rockland Immunochemicals Inc., Limerick, PA, USA), respectively, in TBST containing 5% skim milk for 1 h at room temperature. The detection reagent was Immuno Star LD (Wako), and signals were detected using an Amersham Imager 600 (GE Healthcare). All signals were quantified using IMAGEJ 1.49t software.
Immunostaining
Adipocytes transfected with mNeu1DDK were cultured in slides and incubated with IS (Cayman) or DMSO in DMEM containing 1% fatty acid-free BSA for 10 min. The cells were washed with ice-cold PBS, fixed with 4% paraformaldehyde in PBS (Wako) for 15 min, washed with PBS and nonspecific binding was blocked with PBS containing 5% BSA and 0.3% Triton X-100 (Wako) for 1 h at room temperature. The cells were incubated in PBS containing 1% BSA and 0.3% Triton-100 (PBS staining buffer), mouse anti-DDK antibody and rabbit anti-Plin1 antibody (Cell Signaling Technologies) overnight at 4°C followed by Alexa Fluor 488 goat anti-rabbit IgG and AlexaFluor 594 goat anti-mouse IgG (Life technologies) in PBS staining buffer for 1 h at room temperature in the dark. Images were obtained using an FV10i inverted confocal laser scanning microscope (Olympus Corporation, Tokyo, Japan).
Statistical analyses
Data are shown as means AE SEM. Statistical significance was assessed using Student's t-tests in Microsoft Excel. Values with P < 0.05 were considered significant.
